Aim: To measure serum hepcidin in late pregnancy and in cord blood, and to analyze relationship between hepcidin, interleukin-6, and biomarkers of fetal iron status. Materials and methods: Data from 15 uncomplicated singleton pregnancies were analyzed longitudinally in trimester 3 (T3) and at birth. Results: In T3, S-ferritin (median 14 mg/L) and transferrin (median 4.0 g/L) indicated low iron status, whereas the median soluble transferrin receptor (sTfR) was 4.0 mg/L, i.e. within the reference interval. Median T3 S-hepcidin was 7.8 ng/mL. Later on in cord blood, ferritin concentration (180 mg/L) were significantly higher, transferrin concentration (1.8 g/L) were significantly lower, and both sTfR (4.7 mg/L) and S-hepcidin concentrations (30.5 ng/mL) were significantly higher than maternal T3 concentrations. At the same time, cord blood interleukin-6 indicated an activated acute-phase reaction. In T3, after logarithmic transformation, there was a significant correlation between S-hepcidin and both S-ferritin (r ¼ 0.691) and sTfR (r ¼ À0.825). There was also a significant correlation between S-ferritin and both sTfR (r ¼ À0.729) and transferrin (r ¼ 0.549) in T3. Conclusions: Although S-ferritin, S-hepcidin, and sTfR were correlated during pregnancy, these relationships were not apparent in umbilical cord blood. Further, cord blood interleukin-6 indicated an activated acute-phase response, and sTfR, which is known to be unaffected by inflammation, indicated a low iron status in cord blood. Thus, instead of representing an enhanced iron status, the data appear to suggest that hepcidin and ferritin in cord blood may be influenced by the low-grade acute-phase response that occurs during delivery.
Introduction
Iron deficiency is the most common nutrient deficiency globally, and is a serious health problem, especially for women of reproductive age. Iron deficiency anemia during pregnancy has been linked to low birth weight, premature birth, and negative effects on the child's neuropsychological development [1] . Even early in pregnancy, maternal hemoglobin (Hb) levels have different effects on health [2] . One factor in the development of iron deficiency in pregnancy is the extraordinary need for iron. Based on the iron required for the fetus, for the placenta, for the increase in maternal red cell mass, together with the basal iron losses from the mother, it has been estimated that as much as 1000 mg of iron is needed to cover for the whole pregnancy [3] . The regulatory peptide hepcidin has attracted considerable interest due to its key role in iron metabolism. Hepcidin is secreted into the blood, mainly by hepatocytes, and production is induced by inflammation [4] , mainly via interleukin-6 (IL-6) [5] , and by increase in circulating iron concentration. Increased production of hepcidin promotes internalization and degradation of ferroportin, which leads to reduced uptake of iron across the intestinal mucosa and reduced release of iron from body stores [6] .
Due to the major impact of iron on maternal and fetal health, it is of vital importance that we gain further understanding of the important role of hepcidin in neonates, and its relation to maternal iron status. The present study had an observation-oriented approach with the aim of investigating S-hepcidin and iron status during late pregnancy and in umbilical cord blood. Since the predominant changes in iron metabolism during pregnancy occur in late pregnancy, this study focused on the transition between trimester 3 and parturition [3] .
Materials and methods

Ethics
The study was conducted according to the Ethical Principles for Medical Research Involving Human Subjects (Helsinki, Finland, June 1964, as amended by the 64th WMA General Assembly, Fortaleza, Brazil, in October 2013). The study protocol was approved by the Ethics Review Board in Gothenburg (registration nos. 241-09 and 402-08). The pregnant women who participated gave their informed written consent before being enrolled in the study.
General protocol
The study was designed as a longitudinal study involving healthy, pregnant Caucasian women attending antenatal clinics in the county of V€ astra G€ otaland in western Sweden. Sampling of maternal blood was done in pregnancy trimester 3, and umbilical cord blood was sampled at birth. Data on the child's birth weight and length were also collected at birth. No maternal blood was drawn at birth.
Subjects
The study population consisted of 15 healthy, pregnant Swedish women, all Caucasian. They were all enrolled at the official region Maternal Healthcare Centers, one in the town of Trollh€ attan (population approx. 47,000) and the other in Bengtsfors (population approx. 3000). Data were collected in connection with the visits at the Maternal Healthcare Centers during weeks 33-38 (trimester 3) and later on in connection with parturition at the maternity ward of Northern € Alvsborg County Hospital. Weight and height in trimester 1, i.e. when attending the first regular check-up, were acquired retroperspectively from the journals kept at the Maternal Healthcare Centers. All deliveries were performed at the same hospital. All women attending their regular check-up at the participating Maternal Healthcare Centers between February 2010 and July 2011 were asked to participate in the study. Thus, no randomization in selecting the women was carried out.
Birth outcomes
Data on gestational age at delivery, birth weight, length at birth, and mode of delivery were obtained from patient files at the maternity wards. Gestational age was either calculated from information on the expected date of delivery, or based on the gestational age according to the ultrasound, or the first day of the last menstrual period.
Laboratory analysis
Blood samples were collected from the pregnant women at the antenatal clinics by venous puncture. Cord blood was sampled before placental expulsion and after clamping of the umbilical cord at the maternity ward (Northern € Alvsborg County Hospital). Samples destined for analysis of transferrin, S-ferritin, and soluble transferrin receptor (sTfR) were sent directly after sampling to the accredited reference laboratory (Clinical Chemistry Laboratory, Northern € Alvsborg Hospital) according to the ISO/IEC 15 189 Standard for Medical Laboratories. The reference values for S-ferritin, sTfR, and transferrin are 5-148 mg/L, 1.9-4.4 mg/L, and 1.9-3.3 g/L, respectively.
In addition to the abovementioned analyses, some extra serum was drawn, centrifuged, and stored at À80 C until analysis for interleukin-6 (IL-6) and hepcidin at the one time. Serum interleukin-6 was determined using the commercially available human IL-6 Quantikine HS high-sensitivity enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems GmbH, Wiesbaden, Germany). The sensitivity and assay range are 0.11 pg/mL and 0.156-10 pg/mL, respectively. The intra-and interassay coefficient of variation (CV) is 7.4% and 6.5%, respectively, for IL-6 at a concentration of 5.5 pg/mL. Hepcidin in serum was determined using a commercial peptide enzyme immunoassay (EIA) according to the manufacturer's instructions (Hepcidin-25 human EIA kit; Bachem, Inc, Bubendorf, Switzerland) with a typical sensitivity of 1.5 ng/mL. Samples giving readings outside the standard curve region were diluted and reanalyzed. A lower limit of detection has not been defined by the manufacturer, but they report a detection range of 0-25 ng/mL. Both the intra-and interassay variation were <10%.
Analysis and statistics
Descriptive data are presented as median and interquartile range (IQR). Data were checked for normality of distribution using the Kolmogorov-Smirnov test. Most variables were significantly skewed.
Consequently, data were log-transformed before statistical analysis. No significant deviances from Gaussian distribution were found after log-transformation. For ease of interpretation, untransformed data are presented throughout. Possible differences over time were tested for statistical significance by Student's paired t-test. Associations were tested using Pearson's correlation test. All p values are two-tailed and were considered to be statistically significant if p < .05. Statistical analyses were performed using IBM # SPSS statistics for Windows 22.0.0.0 (IBM Corp, Armonk, NY).
Results
Gestational age and laboratory measurements are shown in Table 1 Nine of the women had more than 3 years of college education, five women were high school graduates (i.e. 3 years of high school education) and one woman had 2 years of high school education. All but one mother denied smoking tobacco during pregnancy. Eight out of 15 had been taking some kind of iron supplementation during the 6 months preceding the pregnancy. Hemoglobin concentration was not analyzed at trimester 3 or in cord blood, but from the journals kept at the Maternal Healthcare Centers, Hb at trimester 1 was retroperspectively acquired, giving that one woman was anemic (<114 g/L). Eleven women had vaginal deliveries and four had elective cesarean sections. The proportion of women with low iron stores (S-ferritin 20 lg/L) in trimester 3 was 73% (11/15) . Twenty-seven percent of the women had sTfR concentrations above 4.4 mg/L in trimester 3.
In comparison with serum collected in trimester 3, all 15 cord blood levels were significantly higher regarding IL-6 and S-ferritin, and significantly lower regarding transferrin. Median IL-6 and S-ferritin levels in cord blood were 3.3 (p ¼ .001) and 15.7 (p ¼ .001) times higher, respectively, than in maternal serum during trimester 3.
In 13 out of 15 cord blood samples, S-hepcidin concentrations were significantly higher than in trimester 3 sera, indicating an enhanced iron status. However, cord blood sTfR concentrations (12 out of 15) were significantly higher than in trimester 3 serum, thus indicating a significant reduction in iron status.
Relative to maternal serum concentrations in trimester 3, median S-hepcidin and sTfR concentrations in cord blood were 4.8 and 1.4 times higher, respectively (Table 1) .
In contrast, the median transferrin concentration was 2.2 times lower in cord blood than in trimester 3 serum samples (p ¼ .001) ( Table 1 and Figure 1 ).
Median birth weight was 3700 g (IQR 3305-3855 g) and median length of the offspring was 50 cm (IQR 50-51 cm). Nine babies were boys and six were girls. Apgar score at 1 min ranged from 8 (n ¼ 1) to 10, with a median at 9.
The bivariate analysis of trimester 3 data showed that there were significant correlations between log S-hepcidin concentrations and the logarithmic transformed variables S-ferritin (r ¼ 0.691, p ¼ .004), sTfR (r ¼ À0.825, p ¼ .001), and IL-6 (r ¼ À0.539, p ¼ .038). In trimester 3, there were also correlations between S-ferritin and both sTfR (r ¼ À0.729, p ¼ .002) and transferrin (r ¼ 0.549, p ¼ .034) ( Figure 2 and Table 2 ).
In cord blood neither log S-hepcidin nor log S-ferritin was associated with any other biomarker. 
<.001
GA: gestational age; IL-6: interleukin-6; sTfR: soluble transferrin receptor. a Values represent median and interquartile range (IQR) (the range between the upper and lower quartiles, i.e. the 25th to the 75th percentile) within brackets. b Median ratio is calculated from the individual ratios. c Statistically significantly different. Since the majority of variables were significantly skewed, data were log-transformed before statistical analysis. Differences were tested for statistical significance with Student's paired t-test.
However, log IL-6 was negatively correlated with log S-Fe (r ¼ À0.580, p ¼ .023) and log TSAT (r ¼ À0.579, p ¼ .024), and there was a positive correlation between log sTfR and log transferrin (r ¼ 0.765, p ¼ .001).
There was no significant association between mode of delivery (i.e. vaginal delivery or cesarean section) and any of the cord blood biomarkers; nor were there any significant differences in any of the cord blood biomarkers regarding mode of delivery.
Discussion
This study emphasizes on the important biochemical changes that occur in the transition from late pregnancy to parturition, by reporting on longitudinal measurements of S-hepcidin, sTfR, and S-ferritin sampled in trimester 3 of pregnancy and in cord blood obtained at parturition. It was possible to detect that all deliveries studied, without exception, were associated with activated acute-phase reactions by also including IL-6 in the analysis. This was despite the fact that all deliveries were uncomplicated. Although 73% of the women in trimester 3 had S-ferritin concentrations indicating low iron stores ( 20 lg/L), we found that median cord blood ferritin concentrations were more than 15 times higher than maternal concentrations measured in trimester 3. Also, cord blood S-hepcidin concentrations were significantly higher (five times) than maternal serum concentrations in trimester 3, whereas the cord blood transferrin concentrations were less than half the serum levels in trimester 3. These high cord blood concentrations of hepcidin and ferritin, and also the decrease in transferrin, could be interpreted as showing a considerably enhanced iron status.
However, at the same time, cord blood sTfR was also enhanced, thus indicating the opposite, i.e. a significantly low iron status in cord blood.
Also, besides being proxy for iron stores, S-hepcidin, S-ferritin, and transferrin (the latter being downregulated in acute-phase reactions) are highly influenced by an acute-phase response [5, [7] [8] [9] . In contrast, this is not the case with sTfR, since it is known to be unaffected by inflammation [10] or by gestation per se [11] . Accordingly, sTfR has advantages over S-ferritin regarding assessment of iron status in pregnancy [12] .
Furthermore, the final stage of pregnancy, i.e. parturition, can be considered to be a low-grade inflammatory process due to ruptured fetal membranes and an influx of leukocytes (mainly macrophages and neutrophils) into cervical and endometrial tissues [13] . This influx of leukocytes results in upregulated expression of cytokines and prostaglandins, which in turn is a necessity for cervical ripening and, later on, uterine contraction [14] . Vaginal delivery has been shown to promote production of various cytokines, including IL-6 [15] . Since cesarean section itself is an invasive procedure, it is likely that cesarean section, as all other surgical procedures, would also induce an inflammatory reaction [4] . Consequently, the synthesis of cytokines during labor and delivery appears to be a contributory factor behind the upregulation of hepcidin and ferritin expression in cord blood. And, since it was observed that every cord blood IL-6 concentration was significantly higher than that in maternal serum samples in trimester 3, we conclude that hepcidin and ferritin in cord blood are not as related to iron status as they are to an activated low-grade acute-phase reaction. This has also been proposed to apply to maternal S-ferritin and S-hepcidin at delivery [16, 17] . Even so, no correlations between IL-6 and hepcidin or ferritin concentrations could be detected in the present study. Since lacking evidence of a correlation is not the same as having evidence of absence of a correlation, this could possibly have been due to the small sample size.
Apart from being a measure of tissue iron deficiency, sTfR can also be a quantitative measure of erythropoietic activity [18] . Since several physiological changes occur in pregnancy, the high sTfR concentrations observed in cord blood may not only indicate low iron status, but possibly also increased erythropoiesis. Also, there are reports that iron store depletion induces an increase in sTfR that is higher than the sTfR concentration observed in noniron-deficient Figure 2 . Correlations during trimester 3 of pregnancy. The different panels illustrate the correlation coefficients for (A) log soluble transferrin receptor (sTfR) versus log S-ferritin; (B) log transferrin versus log S-ferritin; (C) log IL-6 versus log S-hepcidin; (D) log sTfR versus log S-hepcidin; and (E) log S-ferritin versus log S-hepcidin. pregnancies, particularly at the time of labor [19] , which also speaks in favor of sTfR being a proxy of iron stores in the present trial setting.
The high concentrations of hepcidin and ferritin measured here in cord blood are in accordance with previous observations [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Nevertheless, there are a handful of previous studies [21, 24, 31, 32] involving measurements of S-hepcidin, sTfR, and S-ferritin sampled in late pregnancy as well as in cord blood. However, only two of these studies did include IL-6 [31, 32] . Together with these studies, the present study emphasizes the important biochemical changes in iron status as well as acute-phase reactions that occur in the transition from late pregnancy to parturition in the cord blood. Nevertheless, it is important to keep in mind that the fetal and maternal circulations are separate from each other and that hepcidin is not believed to cross the placenta. Thus, cord blood results must be interpreted in terms of fetal status. A positive correlation between S-hepcidin and S-ferritin in nonpregnant individuals has been confirmed by several studies. Thus, our results are the first to show that this relationship also exists during pregnancy. In cord blood, however, no correlation between hepcidin and ferritin was seen. The lack of any correlation in our study agrees with the results of Briana et al. [33] . Although Rehu et al. [23] demonstrated that none of the cord blood iron parameters were associated with maternal hepcidin, there have also been reports of an association between cord blood hepcidin and cord blood ferritin [23, 34] .
One limitation of the study was the small sample size, but even so, the results are rather unequivocal in that all the women except one showed the same changes in iron status biomarkers. Also, there were no dropouts, and the biochemical analyses were complete in all women.
Taken together, all the data indicate that care should be taken in the interpretation of the interrelationship between iron biomarkers, including hepcidin, in cord blood. Although the hierarchies of iron supply during pregnancy most likely benefit the fetus at the expense of the mother, it should be noted that these findings come from a population that was fairly iron-replete, and they may not apply to an anemic cohort. Given the observational nature of this study and the importance of iron metabolism during pregnancy, larger and designated studies are needed to confirm these findings.
